Stephenson EJ, Lessard SJ, Rivas DA, Watt MJ, Yaspelkis BB 3rd, Koch LG, Britton SL, Hawley JA. Exercise training enhances white adipose tissue metabolism in rats selectively bred for low-or high-endurance running capacity. Am J Physiol Endocrinol Metab 305: E429-E438, 2013. First published June 11, 2013; doi:10.1152/ajpendo.00544.2012.-Impaired visceral white adipose tissue (WAT) metabolism has been implicated in the pathogenesis of several lifestyle-related disease states, with diminished expression of several WAT mitochondrial genes reported in both insulin-resistant humans and rodents. We have used rat models selectively bred for low-(LCR) or high-intrinsic running capacity (HCR) that present simultaneously with divergent metabolic phenotypes to test the hypothesis that oxidative enzyme expression is reduced in epididymal WAT from LCR animals. Based on this assumption, we further hypothesized that short-term exercise training (6 wk of treadmill running) would ameliorate this deficit. Approximately 22-wk-old rats (generation 22) were studied. In untrained rats, the abundance of mitochondrial respiratory complexes I-V, citrate synthase (CS), and PGC-1 was similar for both phenotypes, although CS activity was greater than 50% in HCR (P ϭ 0.09). Exercise training increased CS activity in both phenotypes but did not alter mitochondrial protein content. Training increased the expression and phosphorylation of proteins with roles in ␤-adrenergic signaling, including ␤3-adrenergic receptor (16% increase in LCR; P Ͻ 0.05), NOR1 (24% decrease in LCR, 21% decrease in HCR; P Ͻ 0.05), phospho-ATGL (25% increase in HCR; P Ͻ 0.05), perilipin (25% increase in HCR; P Ͻ 0.05), CGI-58 (15% increase in LCR; P Ͻ 0.05), and GLUT4 (16% increase in HCR; P Ͻ 0.0001). A training effect was also observed for phospho-p38 MAPK (12% decrease in LCR, 20% decrease in HCR; P Ͻ 0.05) and phospho-JNK (29% increase in LCR, 20% increase in HCR; P Ͻ 0.05). We conclude that in the LCR-HCR model system, mitochondrial protein expression in WAT is not affected by intrinsic running capacity or exercise training. However, training does induce alterations in the activity and expression of several proteins that are essential to the intracellular regulation of WAT metabolism.
adipocyte cell size due to increased lipid content is linked to intrinsic cellular metabolic defects (43, 74) . Conversely, small adipocytes may play a protective role against the increased risk of metabolic disease (57) because compared with larger adipocytes these cells have enhanced rates of glucose transport (19, 22, 23, 34) . Although excessive lipid storage in visceral WAT depots is linked to metabolic abnormalities such as insulin resistance and impaired lipolysis (4, 65) , the metabolic characteristics of WAT in differing metabolic phenotypes have not been well characterized.
Compared with other metabolically active tissues, the oxidative capacity of WAT is relatively low (17) , but essential cellular activities such as adipogenesis, lipogenesis, lipolysis, and fatty acid (FA) oxidation require large amounts of ATP (6, 16, 58) . Given that WAT metabolism is altered in obesity and insulin resistance (16, 70) and the metabolic activity of most cells is highly dependent on mitochondrial content, impairments in the regulation of the adipocyte mitochondrial network may lead to dysfunctional WAT metabolism (15) . Indeed, diminished mitochondrial gene expression has been observed in WAT from insulin-resistant humans (14, 70) and rodents (37, 58, 63) .
Through two-way artificial selection, we have generated animal models of high [high-intrinsic running capacity (HCR)] and low aerobic treadmill running capacity [lowintrinsic running capacity (LCR)] in the absence of exercise training (31) . Such selection has produced rats that simultaneously present with different metabolic and cardiovascular disease risk factors without the necessity for any environmental intervention (75) . Previously, we have shown that the metabolic characteristics of the skeletal muscle from these rats diverge substantially (39, 56, 61) and that exercise training ameliorates many of the adverse health features observed in the LCR rats (39) . Since exercise training is capable of reducing visceral WAT lipid content and adipocyte cell size (18, 19, 22, 34) while increasing the WAT expression of a number of mitochondrial proteins (60, 62) , we hypothesized that the oxidative profile of visceral WAT would be lower in untrained LCR compared with HCR rats but that short-term exercise training would ameliorate this impairment. In line with this hypothesis, we aimed to determine whether differences in intrinsic running capacity or training state would affect the expression and activity of a number of proteins with important roles in WAT metabolism.
MATERIALS AND METHODS
Animal model. This study was undertaken with the combined approval of the animal ethics committees from both the University of Michigan (Ann Arbor, MI) and California State University (Northridge, CA). Rat models for LCR and HCR were derived from genetically heterogeneous N:NIH stock (National Institutes of Health) rats by artificial selection for treadmill running capacity, as described previously (31) . Rats were housed in pairs in a temperature-controlled environment that provided a reverse 12:12-h light-dark cycle. Throughout the study, rats were given ad libitum access to standard rodent chow and water. Prior to the commencement of any experimental procedures, rats were allowed to acclimate to laboratory conditions for 1 wk.
Experimental design. Age-matched pairs of ϳ20-wk-old male LCR and HCR rats were randomly assigned to two groups: sedentary [LCR-SED (n ϭ 10) and HCR-SED (n ϭ 10)] or exercise trained [LCR-EX (n ϭ 10) and HCR-EX (n ϭ 10)]. Rats assigned to undergo exercise training completed a 6-wk (4 days/wk) incremental treadmill running protocol where all rats completed the same absolute cumulative running distance (ϳ10 km) (32, 39) . Trained rats undertook their final exercise bout 48 h before the commencement of any experimental procedures.
Tissue collection and blood analyses. Following a 5-h fast, blood samples were taken for the analysis of fasting blood glucose concentrations using a hand-held glucometer (Roche Diagnostics, Castle Hill, New South Wales, Australia). Serum was assessed for fasting insulin concentrations using a rat-specific ELISA (ALPCO diagnostics, Salem, NH) and for nonesterified FAs (NEFA) using a commercially available kit (WAKO Pure Diagnostics, Osaka, Japan). Rats were weighed and anesthetized using pentobarbital sodium (1 ml/kg body mass). Hindlimb skeletal muscles and epididymal fat pads were surgically excised, weighed, freeze-clamped in liquid nitrogen, and stored at Ϫ80°C for later analyses. Muscle data has been reported previously (39) .
Citrate synthase activity. Approximately 100 mg of epididymal adipose tissue was visibly cleared of blood vessels and connective tissue and then mechanically homogenized in buffer [175 mM KCl and 2 mM EDTA (pH 7.4), 1:2 dilution] and centrifuged at 20,000 g for 15 min at 4°C. The infranatant was collected and assayed for citrate synthase activity, as described previously (61) . Protein concentration of the infranatant was determined using the bicinchoninic method (Pierce). Activity is expressed in nM·min Ϫ1 ·g protein Ϫ1 . Immunoblotting. Approximately 250 -300 mg of epididymal adipose tissue was visibly cleared of blood vessels and connective tissue and then mechanically homogenized in buffer (50 mM Tris·HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 50 mM NaF, 5 mM Na pyrophosphate, 10% glycerol, 1% Triton X-100, 10 g/ml trypsin inhibitor, 2 g/ml aprotinin, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1:8 dilution) and centrifuged at 20,000 g for 30 min at 4°C. Protein concentration of the infranatant was determined using the bicinchoninic method (Pierce). Adipose tissue lysates containing 10 g of protein were prepared in 4ϫ Laemmli buffer, subjected to SDS-PAGE, and then transferred to polyvinylidene difluoride membranes. A pooled lysate sample was prepared and included in each gel as an internal control for normalizing the data. Ponceau staining was used to confirm equal protein transfer. Membranes were then washed and blocked (5% nonfat dry milk or 5% BSA) for 1 h at room temperature prior to incubation with the appropriate antibodies. Membranes were incubated overnight at 4°C with primary antibodies specific for citrate synthase (CS; ϳ52 kDa; Abcam, no. ab96600), mitochondrial respiratory complexes I, II, III, IV (subunit 4; COX-IV), and V of the electron transport chain (ϳ18, ϳ25, ϳ45, ϳ15, and ϳ52 kDa respectively; MitoSciences, nos. MA604 and MS407), uncoupling protein 1 (UCP1; Santa Cruz Biotechnology, no. sc6529), peroxisome proliferator-activated receptor-␥ coactivator-1 (PGC-1; ϳ100 kDa; Chemicon, no. ab3242), hormone- (ϳ50 and ϳ46 kDa; Cell Signaling Technology, no. 9251). Membranes were also probed with anti-␣-tubulin (ϳ50 kDa; Cell Signaling Technology, no. 2144) or ␤-actin (ϳ42 kDa; Sigma-Aldrich) to confirm equal protein loading. After 1-h room temperature incubation in the appropriate secondary antibody, protein expression was detected using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) and quantified by densitometry.
Statistical analyses. All data are expressed as group means Ϯ SE, unless specified otherwise. All data were analyzed using a two-way ANOVA, with running capacity and training state as fixed factors. Where main effects were considered significant, a Tukey test for multiple comparisons was conducted. Significance is reported where P Ͻ 0.05. All statistical analyses were completed using GraphPad Prism software.
RESULTS
Physiological parameters. Data for body mass (BM) and fat pad mass have been reported previously (39) , with new statistical analyses presented here. Adipose tissue protein content is reported as an indirect marker of changes in adipocyte cellularity. Intrinsic running capacity and training status were main effects for BM (P Ͻ 0.0001 and P Ͻ 0.0001, respectively; Fig. 1A ), fat pad mass (P Ͻ 0.0001 and P ϭ 0.0002, respectively; Fig. 1B ), and total tissue protein (P ϭ 0.026 and P ϭ 0.024, respectively; Fig.  1C ). In addition, an interaction between running capacity and training status was observed for BM (P Ͻ 0.0001) and fat pad mass (P ϭ 0.003). LCR rats were heavier than HCR rats with (33.4%, P Ͻ 0.0001) or without (26.6%, P Ͻ 0.0001) exercise training. The LCR-SED group was heavier than the LCR-EX group (31.1%, P Ͻ 0.0001), whereas there was no difference between HCR-SED and HCR-EX. Epididymal fat pad mass was greater in LCR than HCR rats with (62.5%, P Ͻ 0.0001) or without exercise training (50%, P Ͻ 0.0001). LCR-SED rats had heavier fat pads than LCR-EX rats (34.4%, P Ͻ 0.0001), whereas there was no difference between HCR-SED and HCR-EX rats. In line with this, total protein of WAT was lower in LCR-SED compared with HCR-SED rats (22.4%, P ϭ 0.052), whereas adipose protein was 33.4% greater in LCR-EX compared with LCR-SED rats (P ϭ 0.057). There were no differences in adipose protein between HCR-SED and HCR-EX or LCR-EX and HCR-EX rats.
Intrinsic running capacity improved fasting blood glucose (main effect, P ϭ 0.0002) and serum NEFA concentrations (main effect, P ϭ 0.02; Table 1 ), but not fasting serum insulin levels. Compared with HCR-SED, LCR-SED rats had 8% higher blood glucose (P ϭ 0.0008) and 37% higher NEFA concentrations (P ϭ 0.003). Exercise training was a main effect for fasting serum NEFAs (P Ͻ 0.0001) and insulin concentrations (P Ͻ 0.0001), whereas there was a tendency for LCR-EX rats to have lower blood glucose concentrations than LCR-SED rats (8%; P ϭ 0.11). Exercise training had little effect on blood glucose concentrations in HCR animals. Both LCR-SED and HCR-SED rats had higher serum insulin concentrations compared with LCR-EX (37%, P ϭ 0.0004) and HCR-EX rats (38%, P ϭ 0.0002), respectively. LCR-SED rats had 57% higher serum NEFA concentrations compared with LCR-EX rats (P Ͻ 0.0001), whereas training had little effect on NEFA concentrations in HCR animals.
CS activity. CS activity was increased with exercise training (main effect, P ϭ 0.01; Fig. 2A ) and tended to be increased in rats with HCR (main effect, P ϭ 0.09). CS activity was 58% higher in epididymal fat pads from LCR-EX compared with LCR-SED rats (P ϭ 0.08).
Mitochondrial protein content. Under equal protein loading conditions (10 g of total protein), the contents of tricarboxylic acid (TCA) cycle (CS), oxidative phosphorylation (electron transfer complexes I-V), and mitochondrial biogenesis (PGC-1) proteins were similar between LCR and HCR rats independent of exercise training status (Fig. 2B) . UCP1 was not detected in any sample (data not shown).
Intracellular regulators of lipolysis. ␤ 3 -AR expression was increased with exercise training (main effect, P ϭ 0.03; Fig. 3A ), whereas running capacity showed a tendency to increase this parameter (P ϭ 0.09). There was a significant interaction between running capacity and exercise training (P ϭ 0.006). The expression of the ␤ 3 -AR was 17% greater in HCR-SED compared with LCR-SED rats (P ϭ 0.006) and 18% greater in LCR-EX compared with LCR-SED rats (P ϭ 0.004).The phosphorylation of ATGL at Ser 406 and HSL at Ser 660 was assessed as surrogate markers of their activity (3, 53) . ATGL Ser 406 phosphorylatation and total ATGL protein content were increased by both running capacity (P ϭ 0.02 and P ϭ 0.003, respectively) and exercise training status (P ϭ 0.0005 and P ϭ 0.03, respectively; Fig. 3 , B and C). Post hoc analyses revealed a 25% increase in ATGL Ser 406 phosphorylation in HCR-EX compared with HCR-SED rats (P ϭ 0.01; Fig. 3B ). Total ATGL expression was 17% greater in HCR-EX compared with LCR-EX rats (P ϭ 0.04; Fig. 3C ) and the ratio of ATGL Ser 406 to total ATGL was not different. Total HSL protein remained similar for all groups, although there was a tendency for HSL Ser 660 phosphorylation to be decreased in both LCR-EX and HCR-EX rats with training (main effect, P ϭ 0.09). There was no difference in the ratio of HSL Ser 660 phosphorylation to total HSL protein (data not shown). The content of PLIN1 (which controls lipolysis by regulating protein-protein interactions at the surface of lipid droplets, thereby facilitating access of lipases to their substrates) was increased by training (P ϭ 0.02; Fig. 3D ), and an interaction was observed between training and running capacity (P ϭ 0.003). Post hoc analyses revealed that PLIN1 expression was 19% greater in LCR-SED Table 1 . Blood parameters Values are means Ϯ SE; n ϭ 7-10 rats/group. LCR, low-capacity running rats; HCR, high-capacity running rats; SED, sedentary; EX, exercise trained; NEFA, nonesterefied fatty acids. *P Ͻ 0.05, main effect for running capacity; †P Ͻ 0.05, main effect for training status; a P Ͻ 0.05, different from LCR-SED;
b P Ͻ 0.05, different from HCR-SED; c P Ͻ 0.05, different from LCR-EX;
d P Ͻ 0.05, different from HCR-EX. compared with HCR-SED rats (P ϭ 0.03) and 25% greater in HCR-EX compared with HCR-SED rats (P ϭ 0.002). The protein content of CGI-58 (which binds to and activates ATGL triglyceride lipase activity) was increased by 15% in HCR-SED compared with LCR-SED rats and 15% greater in LCR-EX compared with LCR-SED rats, although neither of these values attained statistical significance (P ϭ 0.08 and P ϭ 0.1, respectively; Fig. 3E ). There were main effects for both running capacity and exercise training for CGI-58 protein content (P ϭ 0.04 and P ϭ 0.03, respectively; Fig. 3E) . No difference in FABP4 expression was observed between groups (data not shown).
NOR1, NUR77, and GLUT4 expression. A main effect of exercise training was observed for NOR1 expression (P Ͻ 0.0001; Fig. 4A ). Post hoc analyses revealed that NOR1 expression was increased by 24% in LCR-SED compared with LCR-EX rats (P ϭ 0.008) and 21% in HCR-SED compared with HCR-EX rats (P ϭ 0.01). Intrinsic running capacity did not influence the expression pattern of NOR1, whereas the expression of NUR77 was similar in LCR and HCR rats with or without exercise training (results not shown). The expression of GLUT4 was elevated with high intrinsic running capacity (P Ͻ 0.0001; Fig. 4B ) and with exercise training (P ϭ 0.007), with post hoc analyses revealing that GLUT4 protein content was increased by 16% n HCR-EX compared with HCR-SED rats (P ϭ 0.01). Compared with LCR-EX rats, GLUT4 protein content was 22% greater in HCR-EX rats (P ϭ 0.0007).
Stress kinase activation. We investigated several stress-activated kinases to determine their involvement in the adaptive response of WAT metabolism to exercise training. Total p38 MAPK expression was reduced with training (P ϭ 0.03; Fig. 5A ), whereas there was a tendency for phosporylation of p38 MAPK on the Thr 180 and Tyr 182 residues to be reduced by training (P ϭ 0.07). There was a main effect of exercise training on the ratio of phospho-p38 MAPK T180/Y182 to total p38 MAPK (P ϭ 0.03). No differences were observed in total JNK1/2 expression; however, training increased phospho-JNK1/2 T183/Y185 (P ϭ 0.02) and the ratio of phospho-JNK1/ 2 T183/Y185 to total JNK1/2 (P ϭ 0.002; Fig. 5B ). No differences were observed in total ERK1/2 expression (Fig. 5C ), although a significant main effect of running capacity was observed for phospho-ERK1/2 T202/Y204 (P ϭ 0.03). There was also a tendency for the ratio of phospho-ERK1/2 T202/Y204 to total ERK1/2 to be affected by running capacity (LCR Ͼ HCR, P ϭ 0.06). No differences were observed in total or phospho-AMPK T172 expression, or the ratio of phospho-AMPK T172 to total AMPK expression (data not shown).
DISCUSSION
Using a rat model of divergent running ability, we present novel data demonstrating that 1) the mitochondrial protein content of visceral WAT is not related to intrinsic exercise capacity, 2) a short-term (6 wk) program of endurance exercise training does not modulate visceral WAT mitochondrial protein expression (despite training-induced increases in citrate synthase activity), 3), intrinsic running capacity and training status are associated with the differential WAT expression of several key lipolytic proteins, and 4) irrespective of intrinsic running capacity, exercise training induces alterations in the activity and expression of a number of proteins essential to the intracellular regulation of WAT lipid metabolism.
In humans, low aerobic capacity is a strong predictor of early mortality (48, 73) . This important clinical association suggests that the capacity for oxygen metabolism is the underlying determinant of the divide between complex disease and health (aerobic hypothesis; see Ref. 30a). We used artificial selection for aerobic capacity as an unbiased test of this theory. Along with cardiovascular disease risk (75) and reduced lifespan (33) , LCR rats express a number of characteristics common to metabolic disease phenotypes, such as increased body mass and adiposity (49, 61) , hyperinsulinemia (49, 61, 75) , and impaired glucose tolerance (49, 56, 61) . In contrast, HCR rats live 6 -8 mo longer (33) and present with superior metabolic health characterized by resistance to weight gain in the face of a high-fat diet (49, 50) and an increased capacity for the uptake and oxidation of glucose (39, 56, 61) and FAs (39, 49, 56, 61) . Although the differential expression of these key characteristics appears to be linked to the oxidative capacity of the skeletal muscle (61), less is known about the metabolic characteristics of the adipose tissue from these divergent aerobic phenotypes.
We have shown previously that the skeletal muscle of LCR rats contains fewer mitochondria than HCR rats (56, 61) . Furthermore, we have also observed impaired ␤-adrenergic signaling and lipolysis in the muscle of LCR rats (38, 39) . Given the divergent metabolic characteristics observed in LCR and HCR rats and the importance of WAT in regulating circulating concentrations of FAs and glucose (1, 27, 76) , we sought to determine whether differences similar to those seen in muscle could also be identified in the WAT. Unlike previous investigations that reported reduced expression of a selection of mitochondrial genes and proteins in the visceral WAT of insulin-resistant rodents (58, 63) and humans with type 2 diabetes (70), we did not detect differences in the expression of the key proteins involved in oxidative phosphorylation and the tricarboxylic acid (TCA) cycle in visceral WAT from LCR and HCR phenotypes (Fig. 2B) . Although we cannot rule out the possibility that differences in mitochondrial protein expression were masked due to equal amounts of protein being analyzed in each experiment (particularly since LCR-SED rats have less protein per gram of adipose tissue compared with the other 3 groups; Fig. 1C ), the level of expression of all mitochondrial proteins measured was consistent for both sedentary and exercise-trained cohorts, suggesting that the abundance of oxidative enzymes in visceral WAT may not be an important factor for determining running capacity and the associated phenotypes of the LCR-HCR rat model system. Chronic ␤-adrenergic stimulation as a result of increased physical activity (9, 62) or pharmacological activation (20) has been shown to enhance the oxidative capacity of WAT by upregulating the expression of genes involved in oxidative phosphorylation and fat oxidation. Although the training program employed in this study was successful in ameliorating many of the metabolic differences observed in the skeletal muscle of LCR compared with HCR rats (39), including a reduction in body mass and adiposity (Fig. 1) , it had little effect on oxidative enzyme expression in the WAT of either phenotype, an observation that is consistent with previous findings from our laboratory in human subcutaneous WAT (8) . Although mitochondrial protein content was not different, we observed a marked training-induced increase in citrate synthase activity in both LCR and HCR phenotypes ( Fig. 2A) . Although this might appear to be in contrast to our earlier findings (especially given that citrate synthase protein expression was unchanged), it is important to note that citrate is essential for replenishing the extramitochondrial pool of acetyl-CoA, a substrate essential to de novo lipogenesis (44) . Furthermore, lipogenic pathways are energetically costly processes. Therefore, although training may not have altered the amount of mitochondrial protein, changes in cellular energy needs in response to physiological demand are likely to have induced tighter allosteric control and a number of posttranslational changes that increase the maximal capacity of mitochondrial enzymes involved in the different energy-producing pathways (26) . A limitation of the current study is the absence of additional measures representing the coordinated activities of ␤-oxidation, the TCA cycle, and oxidative phosphorylation.
Glucose incorporation into triglycerides (TG) is an essential component of lipid synthesis, and intracellular glucose availability in adipocytes is dependent on plasma membrane glucose transport efficiency [a process that is associated directly with the intracellular pool of GLUT4 (22, 59, 64) ]; traininginduced increases in WAT GLUT4 expression may be associated with an increased capacity for WAT TG synthesis. Indeed, adipose-specific GLUT4 overexpression induces an increase in the capacity for TG synthesis via both reesterification and de novo lipogenic pathways, leading to an increase in total adipose mass in sedentary animals (59, 67) . Although we were unable to measure lipogenic activity in the present study, we demonstrate that both running capacity and training status affect GLUT4 content in visceral WAT (Fig. 4B) , with LCR rats having reduced WAT GLUT4 content compared with HCR rats. Whether or not other adipose depots show similar changes remains to be determined. Either way, differences in adipose GLUT4 content in both sedentary and trained animals could have important implications on whole body adiposity in these divergent rat phenotypes (1) . It is also worth noting that exercise training has been reported to increase subcutaneous WAT GLUT4 expression in type 2 diabetic humans (25) . Whether the same changes are observed in human visceral WAT is unclear, since subcutaneous and visceral adipose depots may have distinct responses to exercise (18) . Similarly, it is possible that the different visceral adipose depots may respond disparately to training. Thus, another limitation of the current study is limiting our analyses to the epididymal WAT depot.
TG synthesis is tightly coupled with TG catabolism; therefore, it is not surprising that exercise training induces an increase in the capacity of both basal and catecholaminestimulated WAT lipolysis (51) . This is attributed predominantly to repeated transient elevations in circulating catecholamines acting via ␤-adrenergic signaling pathways (66) . The ␤ 3 -AR plays an important role in regulating energy balance, particularly in WAT (35) . The expression of the ␤ 3 -AR was reduced in LCR-SED compared with HCR-SED rats (Fig.  3A) , which agrees with studies in both obese rodents (12, 45) and humans (30) that report impaired ␤-adrenergic signaling as an important factor in obesity development. Indeed, functional ␤-adrenergic signaling is essential for obesity resistance (29) . In line with this, exercise training "rescued" the reduction in ␤ 3 -AR in LCR-EX rats (Fig. 3A) while concomitantly reducing fat pad and total body mass (Fig. 1) . Conversely, training did not effect ␤ 3 -AR levels in HCR-EX rats (Fig. 3A) , nor did it affect fat pad or total body mass (Fig. 1) . These findings are similar to our previous observation of impaired ␤-adrenergic signaling in the skeletal muscle of LCR compared with HCR rats (38) , an impairment that is also ameliorated with exercise training (39) .
␤ 3 -AR stimulation by catecholamines increases lipolysis by activating protein kinase A (PKA), which phosphorylates both ATGL (53) and HSL (3) to increase lipase activity. Furthermore, PKA phosphorylation of PLIN1 facilitates the dissociation of CGI-58 from PLIN1, thereby allowing CGI-58 to interact with ATGL to maximally activate lipolysis (72) . Given that the primary hypotheses of the current study were mitochondrially focused, we did not measure lipolysis directly. Instead, we determined the phosphorylation state of ATGL and HSL at key activating serine residues as well as the protein abundance of other key lipolytic proteins. ATGL Ser 406 phosphorylation and total ATGL content were increased in HCR vs. LCR rats and by exercise training in both groups (Fig. 3, B and  C) . Similarly, CGI-58 was increased in HCR vs. LCR rats and by exercise training in both groups (Fig. 3E) . Based on our knowledge of protein function and results from knockout mice studies (24) , the changes reported herein would predict increased lipolysis in high-capacity runners and following exercise training. Such a response would match fatty acid availability with the increased fatty acid oxidation capacity/rates observed in HCR compared with LCR rats (38, 56, 61) and is consistent with an endurance-trained individual's reliance on FA as an energy source (28).
Previous investigations have reported links between ␤-adrenergic signaling, the expression of the orphan nuclear receptor NOR1, and whole body lipid and carbohydrate metabolism (54) . Although its targets are largely unknown, NOR1 is purported to play an important role in regulating oxidative metabolism and glucose transport in a number of tissues (54) . Notably, NOR1 is a cAMP-dependent target of PKA that is upregulated upon HSL and ATGL inhibition (36, 46) . We have shown recently that NOR1 expression is reduced in the skeletal muscle of LCR compared with HCR rats and have suggested that this may be linked to the oxidative capacity of the tissue (61) . Here, we demonstrate that the difference in NOR1 expression is tissue specific, as LCR-SED and HCR-SED rats displayed a similar abundance of NOR1 in WAT. This is incongruous with human studies that demonstrate that NOR1 is more highly expressed in the WAT of obese compared with healthy humans (69) . However, following weight loss the expression of NOR1 in human WAT is "normalized" to levels similar to healthy control subjects (69) . Similarly, we have observed a reduction in NOR1 expression of a similar magnitude for both LCR and HCR rats following exercise training (24 and 21% respectively; Fig. 4A ). Taken collectively, our observation of reduced NOR1 expression following exercise training in both LCR and HCR rats suggests a principal role for NOR1 in the metabolic regulation of WAT.
Given the role of ␤-adrenergic signaling in WAT metabolism and our finding that the expression of several proteins downstream of ␤-adrenergic stimulation is dependent on running capacity and/or training status (Fig. 5) , we sought to characterize the phosphorylation of several stress kinases that are purported to interact with ␤-adrenergic signaling pathways to influence intracellular metabolism (7, 26, 68) . To our knowledge, we are the first to report that a short-term exercise training program induces distinct changes in the activity of the stress kinases p38 MAPK and JNK in visceral WAT. Both p38 MAPK and JNK are activated by FAs (11, 21) , and both are increased in response to elevated lipolytic activity (47) . Importantly, the ␤-adrenergic activation of p38 MAPK has been shown to occur through cAMP-dependent mechanisms involving PKA (10), and both p38 MAPK and JNK phosphorylation are known to be elevated in visceral WAT during human obesity (5) . Here, we have observed a modest reduction in the phosphorylation of p38 MAPK in visceral WAT following exercise training (Fig. 5A) , a finding that is consistent with observations in human and rodent skeletal muscle, where training-induced attenuation of resting p38 MAPK activity is associated with the adaptive response to exercise training (41, 42) . It is also worth noting that p38 MAPK is a known activator of PGC-1␣ (and therefore mitochondrial biogenesis) (2, 77) , and as such, training-induced reductions in p38 MAPK activity may partially explain why we did not see changes in mitochondrial protein expression in the current study. In contrast to the findings for p38 MAPK, phosphorylation of JNK was elevated as a result of exercise training (Fig. 5B) . This is also consistent with findings in skeletal muscle (42) but inconsistent with reports that diet-induced elevations in JNK phosphorylation are attenuated by swim training in obese rats (13, 52) . Although the individual roles of JNK and p38 MAPK in adipocyte metabolism are no doubt complex, our findings indicate that in WAT both kinases are exercise responsive (in a manner similar to findings in skeletal muscle), thus implicating them in the array of signaling responses associated with changes in energy demand.
In summary, we have investigated the relationship between exercise capacity and WAT metabolism in relation to whole body metabolic health. We have presented novel data showing that the content of selected mitochondrial proteins in visceral WAT does not differ in relation to intrinsic exercise capacity or exercise training status, and as such, we propose that tighter allosteric control and/or posttranslational regulation of oxidative enzymes may be important for coordinating aerobic energy metabolism in WAT. We also show that running capacity and training state regulate the expression and activity of a number of proteins downstream of ␤-adrenergic signaling pathways, particularly those that are essential to WAT lipolysis. We suggest that training-induced changes in the expression of the orphan nuclear receptor NOR1 and the activities of the stress kinases p38 MAPK and JNK may be important factors for determining the expression and activity of metabolic proteins following exercise training. Further studies are necessary to provide mechanistic support for these purported relationships.
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